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We have exposed a dual-phase Liquid Argon Time Projection Chamber (LAr-TPC) to a low energy
pulsed narrowband neutron beam, produced at the Notre Dame Institute for Structure and Nuclear
Astrophysics, to study the scintillation light yield of recoiling nuclei. Liquid scintillation counters
were arranged to detect and identify neutrons scattered in the LAr-TPC and to select the energy of
the recoiling nuclei.
We report the observation of a significant dependence (up to 32%) on drift field of liquid argon
scintillation from nuclear recoils of energies between 10.8 keVand 49.9 keV. The field dependence is
stronger at lower energies. The first measurement of such an effect in liquid argon, this observation
is important because, to date, estimates of the sensitivity of LAr-TPC dark matter searches are based
on the assumption that electric field has only a small effect on the light yield from nuclear recoils.
PACS numbers: 29.40.Cs, 32.10.Hq, 34.90.+q, 51.50.+v, 52.20.Hv
Noble liquid TPCs are in widespread use to
search for WIMP dark matter by detecting low en-
ergy nuclear recoils that would be produced by
WIMP interactions [1–6]. A precise understanding
of the scintillation light yield from nuclear recoils
and its dependence on energy and drift field are
key to the interpretation of results from present ex-
periments and to estimates of sensitivity of future
detectors.
Measurements of the nuclear recoil light yield
in liquid argon (LAr) have been performed in ab-
sence of a drift field with monoenergetic neu-
trons and reported in [7, 8]. For liquid xenon
(LXe), several measurements have been performed
with and without an applied electric field using
both monoenergetic and broad spectrum neutron
sources [9–20]. These measurements in LXe report
that the applied electric field has a < 10% effect on
the nuclear recoil light yield that is independent of
energy, although the uncertainty increases as the
recoil energy decreases.
We have used a monoenergetic neutron beam to
observe the light produced by nuclear recoils be-
tween 10.8 and 49.9 keV in a LAr time projection
chamber (LAr-TPC) with and without an applied
electric field. We report a strong dependence on
drift field of the scintillation yield, a dependence
that increases with decreasing energy.
The experiment was performed at the Univer-
sity of Notre Dame Institute for Structure and Nu-
clear Astrophysics. Protons from the Tandem ac-
celerator [22] struck a 0.20 mg/cm2 thick LiF tar-
get deposited on a 1-mm-thick aluminum backing,
generating a neutron beam through the reaction
7Li(p,n)7Be. For this study, the proton beam en-
ergy was 2.376 or 2.930 MeV, depending on the de-
sired nuclear recoil energy. The proton beam was
bunched and chopped to provide pulses 1 ns wide,
separated by 101.5 ns, with an average of 6.3× 104
protons per pulse. The accelerator pulse selector
was set to allow one of every two proton bunches
to strike the LiF target, giving one neutron beam
pulse every 203.0 ns.
The design of the LAr-TPC closely follows that
used in DarkSide-10 [5]. The active volume is
contained within a 68.6 mm diameter, 76.2 mm
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Proton Neutron Scattering Nuclear recoil
energy energy angle energy
(MeV) (MeV) (◦) (keVr)
2.376 0.604 49.9 10.8
2.930 1.168 42.2 15.2
2.930 1.168 49.9 20.8
2.930 1.168 59.9 29.0
2.930 1.168 82.2 49.9
TABLE I: Run parameters for the data presented
in this letter.
tall, right circular polytetrafluoroethylene (PTFE)
cylinder lined with 3M Vikuiti enhanced spec-
ular reflector [23] and capped by fused silica
windows. The LAr is viewed through the win-
dows by two 3” Hamamatsu R11065 PhotoMulti-
plier Tubes (PMTs) [24]. The windows are coated
with the transparent conductive material indium
tin oxide (ITO), allowing for the application of
electric field, and copper field rings embedded
in the PTFE cylinder maintained field uniformity.
All internal surfaces of the detector were coated
with the wavelength shifter TetraPhenylButadiene
(TPB). The LAr-TPC was located 73.1 cm from the
LiF target, and the average number of neutrons
passing through the TPC per pulse was 2.9× 10−4.
Scattered neutrons were detected in two
12.7×12.7 cm cylindrical liquid scintillator coun-
ters [25]. These detectors were placed 71 cm from
the LAr target at a variety of angles to the beam di-
rection, thus defining the nuclear recoil energy in
the TPC. Figure 1 shows a schematic of the geom-
etry along with a zoomed-in view of the TPC, and
Table I lists the configurations of beam energy and
detector location and the corresponding mean nu-
clear recoil energy in the LAr-TPC. The scintillators
provide timing information and pulse shape dis-
crimination, both of which suppress background
from γ-ray interactions. Cylinders of polyethylene
(22×22 cm) shielded the neutron detectors from di-
rect view of the LiF target for all but the 49.9 keV
data.
Our design allows the acquisition of adequate
statistics with an acceptable level of contamination
from multiple scattering. Figure 2 shows scatter-
ing distributions from a GEANT4 [26] simulation
of 10.8 keV recoils; the multiple scattering con-
tributes less than 23% of the total event rate be-
tween 5 and 16 keV, and the position of the single
scattering peak is not affected by the background.
To monitor the scintillation yield from the LAr,
83mKr was continuously injected by including a
83Rb trap [27–29] in the recirculation loop. 83mKr
has a half life of 1.82 hours and decays via two
FIG. 1: A schematic of the experiment setup. The
zoomed-in view of the TPC shows the PMTs, field
shaping rings and PTFE support structure. It does
not include the inner reflector.
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FIG. 2: GEANT4-based simulation of the energy
deposition in the SCENE detector at the
10.8 keV setting. Blue: all scatters in the LAr-TPC
producing coincidences in either neutron detector
and surviving the timing cuts discussed in the
text. Red: single elastic scatters surviving the
same cuts.
sequential electromagnetic transitions with ener-
gies of 9.4 and 32.1 keV and a mean separation of
222 ns. Because scintillation signals in LAr last for
several microseconds [30], we treat the two decays
as a single event. The activity of 83mKr in the LAr-
TPC was 1.2 kBq.
The experiment trigger required a coincidence
of either of the two LAr-TPC PMTs with either
neutron detector. In addition, we recorded events
triggered by the LAr-TPC alone, consisting largely
of 83mKr events, at a rate of 12 Hz. The trig-
ger thresholds of the LAr-TPC PMTs were set to
∼0.2 photoelectrons (PE). The LAr-TPC trigger ef-
ficiency was measured to be above 90% for pulses
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FIG. 3: Distributions of pulse shape discrimination vs. time of flight for data taken in the 10.8 keV
configuration at 1000 V/cm. All variables are defined in the text. Panel (a) refers to the LAr-TPC and
panel (b) to the neutron detectors.
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FIG. 4: (a) Surviving primary scintillation light (S1) distributions for 10.8 keV nuclear recoils as the
neutron selection cuts described in the text are imposed sequentially. Data were collected with a field of
1000 V/cm. The high energy peak is from the 83mKr source in use for continuous monitoring of the
detector. (b) Final S1 distributions for the 10.8 keV nuclear recoils at null field at 1000 V/cm.
of 1 PE and greater using positron annihilation ra-
diation from a 22Na source placed between the
LAr-TPC and the neutron detector in a manner
similar to that described in [19].
The stability of the complete light collection and
conversion system is of critical importance to our
measurements and was monitored in several ways.
The single PE response of each PMT, determined
using pulses in the tails of scintillation events, was
continuously monitored and showed a slow de-
cline of about 15% in the top PMT and 10% in bot-
tom PMT over the course of the 6 day run. The
stability of the entire system was assessed through-
out the data taking by 83mKr runs in the absence of
drift field. The position of the 83mKr peak was mea-
sured to be 260 PE and varied by less than ±2.4%
for the data presented here. The short term sta-
bility during a run in presence of a drift field was
checked with 83mKr spectra accumulated every 15
minutes; these show negligible variations during a
given run.
Our data include a collection of prompt events
characterized by narrow pulses in the LAr-TPC
PMTs with timing slightly earlier than photon-
induced scintillation events (the LAr fast scintilla-
tion component has a decay time of ∼6 ns [30]),
and data taken with no liquid in the TPC have a
similar collection of events. We take these signals
to be Cerenkov radiation and therefore indepen-
dent of scintillation processes in the argon and ex-
amine them to study any dependence of the appa-
ratus response on the drift field. The spectrum of
these events shows a peak at ∼80 PE which is sta-
ble within ±2.5% over all the electric field settings.
The data acquisition system was based on
250 MSPS waveform digitizers [32], which recorded
signals from the LAr-TPC and neutron detectors
and the accelerator RF signal. The data were
recorded using the ”Daqman” data acquisition and
analysis software [31]. The digitizer records were
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FIG. 5: Distributions of pulse shape discrimination vs. time of flight for data taken in the 49.9 keV
configuration at 1000 V/cm. All variables are defined in the text. Panel (a) refers to the LAr-TPC and
panel (b) to the neutron detectors. For these data, the polyethylene cylinders blocking the line-of-sight
between the LiF target and the neutron detectors were removed due to geometric constraints. Accidental
direct neutron coincidence events appear as the first ”Neutron” blob around 80 ns in panel (b).
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FIG. 6: (a) Surviving S1 distributions for 49.9 keV nuclear recoils as the neutron selection cuts described
in the text are imposed sequentially. Data were collected with a field of 1000 V/cm. The high energy
peak is from the 83mKr source in use for continuous monitoring of the detector. (b) Final S1 distributions
for the 49.9 keV nuclear recoils at null field at 1000 V/cm.
16 µs long including 5 µs before the hardware trig-
ger (used to establish the baseline).
Figure 3(a) shows a scatterplot of the discrimi-
nation parameter f90 [33], defined as the fraction
of light detected in the first 90 ns of an event, vs.
the time difference between the proton-beam-on-
target and the TPC signal (TPCtof) for all events
taken in the 10.8 keV configuration at 1000 V/cm.
Beam-associated events with γ-like and neutron-
like f90 are clustered near 10 and 75 ns respectively,
as expected given a speed of approximately 0.1c
for 604 keV neutrons. Cerenkov events are charac-
terized by f90 close to 1.0 and γ-like timing. The
83mKr events appear with γ-like f90 uniformly dis-
tributed in TPCtof. For the same events, Fig. 3(b)
shows a scatterplot of the neutron pulse shape dis-
criminant (Npsd), defined as peak over area in the
neutron detectors, vs. the time difference between
the proton-beam-on-target and the neutron detec-
tor signal (Ntof). Neutron events scattering in the
LAr-TPC cluster near a Npsd of 0.09 and a Ntof
of 140 ns, while β/γ events cluster near a Npsd of
0.13 and a Ntof of 5 ns. Random coincidences from
environmental backgrounds are visible at interme-
diate times.
We exploit the pulse-shape discrimination and
timing information available to define a series of
cuts. Figure 4(a) shows the primary scintillation, or
S1, spectra as these cuts are imposed in sequence.
The final spectrum at each drift field and recoil en-
ergy is fit to a Gaussian and the mean value in
the fit represents our measurement of the yield.
Fig. 4(b) shows final spectra at the 10.8 keV con-
figuration for 0 V/cm and 1000 V/cm. For com-
parison, Figs. 5 and 6 show the same information
for the 49.9 keV data point. In this configuration,
5
the polyethylene cylinders blocking the direct line
of sight between the target and the neutron detec-
tors were absent, resulting in a population of di-
rect neutron events visible near 80 ns in Fig. 5(b).
Because the neutron beam energy was higher to
produce these data (see Table I), good scattering
events cluster at shorter times of flight relative to
the 10.8 keV point (53 and 110 ns in Figs. 5(a) and
(b) versus 75 and 140 ns in Figs. 3(a) and (b)).
The light yield normalized to the value at null
field is shown as a function of drift field in Fig. 7
for five different recoil energies. As can be seen,
the signal yield decreases significantly as a func-
tion of the applied electric field, and this effect is
more pronounced for lower energy recoils. At a
field of 1 kV/cm, the light yield is reduced by 32%
(14%) for 10.8 (49.9) keV recoils. Such a significant
dependence on field has not been previously re-
ported.
The presence of an external electric field can
reduce the light yield by recoils in noble liquids
largely because the external field reduces the prob-
ability of ion-electron recombination and subse-
quent de-excitation, one of the processes that ul-
timately produces light. The size of the effect can
be expected to depend on the relative strengths of
the external field and the field due to the ionization
of the medium, the latter being determined by the
total ionization energy loss and the density of the
ionization along the path of the recoil. In general,
low density tracks are more likely to feel the influ-
ence of an external electric field. For electrons, the
reduction of light-yield by an external field in both
argon and neon is well-known [14, 34]. For our en-
ergies of interest (< 50 keV), we note that the argon
nuclei are on the decreasing side of the Bragg peak
(see Fig. 4 in [8] for example), and therefore lower
energy nuclear recoils have lower dE/dx. The sim-
plest interpretation of our data is that a modest
external electric field reduces the recombination
probability, and this reduction increases as the ar-
gon recoil energy decreases.
To date, estimates of the sensitivity of LAr-TPC
dark matter searches are based on the assump-
tion that electric field has only a small, energy-
independent effect on the light yield from nuclear
recoils. Our result has important implications for
the sensitivity estimates of LAr-TPC dark matter
experiments and on the choice of operating param-
eters of those experiments. While our results do
not necessarily transfer to xenon, the quality of the
data enabled by this technique may prompt similar
investigations in liquid xenon.
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